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Summary

The amide I absorption of the polypeptide backbone has long been used to analyze the secondary
structure of proteins. This approach has gained additional attention in the context of amyloid
diseases where a particular focus is on the distinction between parallel and antiparallel p-sheets
because these structures often discriminate between pre-fibrillar structures and fibrils. Some earlier
infrared spectra with typical features of antiparallel B-sheets were interpreted as arising from the
parallel B-sheets of fibrils. Therefore, the ability of infrared spectroscopy to distinguish between
both types of B-sheets is debated. While it is established that regular, antiparallel B-sheets give rise
to a high wavenumber band near 1690 cm™, it is less clear whether or not this band may also occur
for parallel B-sheets. Here we present and analyze the amide I spectra of two B-helix proteins, SV2
and Pent. The overall shape of the proteins is that of a cuboid which has parallel B-sheets on its four
sides, which are connected by bends. The main features of their amide I spectrum are a band at
1665, and two bands between 1645 and 1628 cm™. Both proteins exhibit also a weak component
band near 1690 cm™. Calculations of the amide I spectrum indicate that the absorption at high
wavenumbers is not caused by the parallel B-sheets but by the bends between the B-strands. We
therefore suggest to modify the interpretation of the amide I spectrum as follows: a high
wavenumber band near 1690 cm™ may be caused by other structures than antiparallel B-sheets.
However, when the spectrum consists of only two distinct bands, one near 1690 ¢cm™ and one near
1630 cm™, then an assignment to antiparallel B-sheets is consistent with the literature.



B-sheets are a main structural component of proteins. They are also prominent in the misfolded
forms of proteins that are involved in amyloidoses."* A prominent example for the latter is
Alzheimer's disease, which is the most common neurodegeneration.® Amyloidoses are characterized
by the formation of amyloid fibers which consist of -strands that run perpendicular to the fiber
axis. The orientation of adjacent strands is parallel in most cases, but antiparallel B-sheets have also
been observed.*® Amyloids form from unstructured or destabilized protein monomers in a
complicated aggregation process’® that involves a great number of intermediate, smaller
aggregates.™”'! Interestingly, these aggregates seem to have a different B-sheet architecture than the
fibrils.'">"* For example, the amyloid-B (AP) peptide that constitutes the amyloid fibers in
Alzheimer's disease forms oligomers with antiparallel B-sheets but its fibers have parallel B-sheets.
The general interest in proteins and the need to achieve a mechanistic, molecular understanding of
amyloidoses ask for simple and rapid methods to distinguish parallel and antiparallel B-sheets.
Infrared spectroscopy has long been suggested to be one of such tools. It has been used for decades
to analyze the secondary structure analysis of proteins'*'® by exploiting the conformational
sensitivity of the absorption of the amide I vibration. This vibration involves mainly the carbonyl
stretching vibration of the peptide backbone. The vibrations of individual amide groups couple
electrostatically through space giving rise to delocalized normal modes, each of which involves
several amide groups - typically up to around ten.'”* A band at the high wavenumber end of the
amide I spectrum has been assigned to antiparallel B-sheets from experimental data and
computations. It has been debated however whether parallel B-sheets also can generate such a band,
for two reasons: (i) Early work on AP has observed a high wavenumber band and concluded that the
fibrils consist of antiparallel B-sheets.” Later, solid state nuclear magnetic resonance work corrected
this interpretation and demonstrated the parallel arrangement of the B-strands in AP fibrils. (ii)
Spectra of some proteins that are largely composed of parallel B-sheets also show this
band.**?” Thus, the use of the high wavenumber band as a marker band for antiparallel B-sheets is
controversial and further work is required to clarify the situation.
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Figure 1: structures of SV2 (panel A), as extract of PDB entry 6ESI, and Pent
(panel B), using chain A and B of PDB entry 6FLS.

This study reinvestigates the assignment of the high wavenumber band by studying two B-helix
proteins in experiments and calculations. The structure of these proteins - SV2%7° and Pent - is
shown in Fig. 1. In these proteins the B-helix is composed by a string of squared coils, each one of
them is created by the arrangement of four pentapeptide repeats. Each monomer in Pent has eight
coils, whereas SV2 has five coils. We show that the proteins exhibit a weak high wavenumber band



which is caused by the 90°-bends between the parallel B-sheets. Based on these results, we suggest
guidelines for the interpretation of high wavenumber bands in amide I spectra of proteins.

Materials and Methods

Experiments

The proteins SV2 and Pent were expressed and purified according to previously published
protocols.”° The proteins were stored at concentrations of 8 mg/mL (SV2) and 11 mg/mL (Pent) at
-80°C in 20 mM HEPES pH 7.5, 300 mM NaCl, 10% glycerol, and 2mM tris(2-
carboxyethyl)phosphine (SV2) or 2 mM Trichloroethene (Pent). For spectroscopy, the proteins were
studied in the original buffer (Pent) or after buffer exchange using 3kDa Amicon centrifugal filters
and a Jouan A14 centrifuge at 14000 rpm. The buffer was exchanged three times for 20-30 min at
4% of the original SV2 concentration. Filtration was performed at room temperature to avoid
aggregation at low temperatures. The recovered protein sample had approximately the same
volume, so that the final protein concentration was approximately the same as the starting
concentration of 8 mg/mL. The solvent was 'H,O for all experiments.

The sample was placed between two BaF, or CaF, windows, one of which had a through of ~6 um
depth which determined the optical pathlength. The outer contact area of the windows was covered
with vacuum grease to avoid sample loss.

Spectra were recorded with a Bruker Tensor 37 Fourier transform infrared spectrometer (Bruker,
Ettlingen, Germany) at a spectral resolution of 2 cm™. 50 interferograms were averaged for each
sample and background spectrum, apodized with a Blackman Harris 3-term function and zero-filled
with a factor of 2. 20 of such spectra were averaged for each sample. Two (SV2) or four (Pent)
samples were prepared and their spectra averaged. The samples were measured using a sample
shuttle (Bruker) that allowed to record background and sample spectrum in succession without
opening the sample chamber. A metal grid was placed in the background position so that the light
intensity of the background spectrum approximately matched the light intensity of the sample
spectrum. For half of the Pent samples, a Ge filter and a 25 pum cellulose film blocked the light
above 2200 cm™ and below 1400 cm™. These three measures allowed us to increase the aperture to
either 1.5 mm (grid only) 3 mm (grid, Ge filter, and cellulose) for a better signal to noise ratio®'. The
spectrometer was continuously purged with dry air. Second derivatives were calculated with the
OPUS 5.5 software and a smoothing range of 17 points.

Calculations

The calculations were based on two different PDB entries: we used an extract of PDB entry
6ES1? for SV2 and chain A and B of PDB entry 6FLS* for Pent.

The simulated amide I spectra were calculated from mass-normalized force constants matrices using
a Matlab program.> A mass-normalized diagonal force constant of 1.7128 mdyn A" u”,
corresponding to a 1705 cm™, was assigned to each amide group of Pent and SV2. The diagonal
elements of the mass-normalized force constants matrices were then modified according to (i) the
local environment effect,®® (ii) the effect of inter-amide hydrogen bond using a model suggested by
Ge and coworkers* and (iii) solvation effects based on the solvent accessible surface.*

The coupling constants were obtained from density functional theory calculations for nearest
neighbor interactions® and calculated from transition dipole coupling for other interactions. The
parameters for the transition dipole moment used for the calculation of the transition dipole
coupling constants were previously optimized.** The magnitude of the dipole derivative was fixed
to 2.20 D A u'? the angle was fixed to 22° and 4, the parameter that describes the effect of
hydrogen bonding on the magnitude of the dipole derivative, was fixed to 0.01 cm. The position of
the transition dipole moment was located at 1.043 A from the C-atom along the C=0 bond and at
0.513 A along the C-N bond.



We analyzed the contributions of amide groups to the intensity of the spectrum both for SV2 and
Pent. The contributions were calculated by squaring the amplitude of each amide group in each
normal mode and by multiplying it with the intensity of the normal mode. Each amide group was
assigned to the secondary structure of the residue containing the carbonyl group (see below) and the
contributions of the considered secondary structure types were added. This gave the intensity
contributions of the different secondary structures to each normal mode. We then combined the
contributions of all normal modes within a 5 cm™ interval.

For secondary structure classification we used the automatic assignment made in PyMol for a-helix
and B-sheet. Amide groups of residues that were not classified by PyMol were assigned manually as
described in the following. The category “Beta bend” is related to the bends between two B-strands;
the category “other bend” is related to the amide groups of the bends between a B-strand and other
secondary structure found at the edges of the cuboid protein structures; and the new category
“other” contained the amide groups without any secondary structure assignment and not located in
any type of bend.

Results

We measured the infrared absorbance spectrum of the two B-helix proteins SV2 and Pent. Our focus
is on the amide I band of protein absorption (1700-1600 cm™), which sensitive to protein backbone
conformation. It usually contains several component bands, which are hard to discriminate in the
broad absorbance spectrum. In order to reveal the component bands better, we used the second
derivative of absorbance, in which the component bands show up as negative bands. Fig. 2 (black
line) shows the experimental second derivative spectrum of SV2 and Fig. 3 (black line) the
respective spectrum of Pent.

The SV2 spectrum (Fig. 2) has two minima in the amide I range, one at 1669 cm™ and one at 1636
cm™. Both of them reveal a substructure: The main band at 1636 cm™ has a shoulder on its high
wavenumber side near 1647 cm™ and the 1669 cm™ band is unusually broad, indicating that it
consists of two unresolved bands. In the high wavenumber region, which is of prime interest in this
study, the second derivative shows a small inflection which indicates a small component band near
1690 cm™.

The Pent spectrum (Fig. 3) has three prominent bands at 1664, 1642, and 1629 c¢cm™. It also has a
high wavenumber band at 1691 cm™ that seems to consist of two components and which is more
prominent than that of SV2.

The band near 1690 cm™ of both proteins appears in the spectral range that is characteristic of the
high wavenumber component of antiparallel B-sheets. However, these proteins do not contain this
secondary structure, making such an assignment impossible. In order to reveal the origin of this
band, we calculated the amide I spectrum with our in-house Matlab program?? using optimized
parameters for the transition dipole moment (TDM).* The such calculated spectra are compared to
the experimental spectra in Figs. 2 and 3.

Figs. 2 and 3 show also the simulated second derivatives for SV2 and Pent, respectively, as red
lines. A good agreement of the band positions is generally reached for both the proteins. For SV2,
the bands at 1669 cm™ and 1690 cm™ are matched, whereas the experimental main band at 1636
cm’ and its shoulder at 1647 cm™ are located respectively at 1625 cm™ and 1645 cm™ in the
simulation. For Pent, the bands at 1691 cm™, 1664 cm™ and 1629 cm™ are matched, whereas the
experimental band at 1642 cm™ is shifted to 1650 cm™ in the simulation.

The intensities of the experimental and simulated second derivatives are not always matched. The
experimental intensities of the second derivatives for the bands in the central region of the plotted
spectrum (1680-1640 cm™) are quite respected. However, the simulated bands at 1690 cm™, 1630
cm’ (for Pent) and 1625 cm™ (for SV2) showed much more prominent intensities than the
corresponding experimental bands. We note that second derivatives are very sensitive to the band
width of the component bands in the absorbance spectrum. Narrow bands cause strong bands in the
second derivatives while broad bands generate much smaller bands. Therefore, small deficiencies in
the simulations may lead to rather large deviations of the simulated second derivative amplitudes



from the experimental ones. These deficiencies could be caused by either too small or too large
wavenumber deviations of close-lying normal modes, a deficiency of the calculation of the intrinsic
wavenumbers of local amide I oscillators, and the neglect of dynamics.
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Figure 2: experimental (black) and simulated (red) second derivative of IR absorbance for SV2
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Figure 3: experimental (black) and simulated (red) second derivative of IR absorbance for Pent

We then analyzed the contributions of different secondary structure categories to the intensities of
the spectrum both for SV2 and Pent, represented respectively in Figs. 4 and 5. The main
contribution of the B-sheets is located at low wavenumbers, between 1640 cm™ and 1620 cm™. It
decreases with increasing wavenumber, with a slightly increase at 1690 cm™. The contributions
related to a-helix is calculated at wavenumbers higher than 1655 cm™. This is clearly seen in for
Pent, where the number of a-helical amide groups is higher than in SV2. The contribution of f-



bends can be found in wavenumbers higher than 1665 cm™ and is largest in the interval between
1685 cm™ and 1695 cm™. The main contribution of the other bends is located in the same interval as
that of the B-bends. Due to a high number of these bends in Pent, small contributions can also be
found in the B-sheet region, between 1660 cm™ and 1630 cm™. The other amide groups generally
contributes throughout the entire amide I spectrum.

If we focus our attention on the interval between 1695 c¢cm™ and 1685 c¢m™, where the high
wavenumber band is located, we can notice that the contribution of B-sheets is limited. All the other
secondary structures contribute to this band for Pent, whereas the two types of bend are the
responsible of this band for SV2.
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Figure 4. residue contribution analysis for SV2. See text for the explanation of the categories of the
secondary structures.
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Figure 5: residue contribution analysis for Pent. See text for the explanation of the categories of the
secondary structures.

Discussion

A high wavenumber band near 1695 cm™ in "H,O or 1685 cm™ in *H,O is often considered a marker
band for antiparallel B-sheets. It is commonly observed for proteins with antiparallel (-
sheets**” and is expected from calculations as long as the sheets are sufficiently extended and
planar.*** Calculations do not predict this band for parallel B-sheets®*' and a distinct high
wavenumber shoulder is not observed for peptides designed or shown to form parallel B-sheets.**
# Tt is neither present in spectra of fibrils of several amyloid proteins that consist of parallel B-
sheets" or a parallel B-sheet protein®, although there is an absorbance tail in the high wavenumber
region of the amide I spectrum.

Site-specific labeling can also yield information about the organization of B-sheets. Relatively
strong intensity of the “C-band and a spectral position close to that in a '*C-environment are
indicative of antiparallel B-sheets.**>* Such properties of the *C-band correlate with the appearance
of a high wavenumber shoulder in the spectrum of the unlabeled peptides. The correlation holds
even for AP variants that convert from antiparallel to parallel B-sheet structure.””>> Nevertheless,
spectra with such correlated features have occasionally been assigned to parallel B-sheets.’®” In
these cases, the results of site-specific labeling do not agree with those expected for aligned parallel
B-sheets so the parallel orientation of adjacent strands is not established without doubt. The spectral
properties were explained by assuming some distance between the labeled residues®® and by
assigning the high wavenumber band to loops®” which is in agreement with the present study.
However, there are previous experimental studies of parallel B-sheet proteins which observe high
wavenumber bands. Of the two proteins flavodoxin and triosephosphate isomerase, the latter shows
distinct bands above 1680 cm™ in second derivate spectra of deuterated proteins. Also two of three
B-helix proteins (H-form) exhibited a second derivative band above 1690 cm™, one of which was
very distinct.”” This is confirmed by our present study of SV2 and Pent which show a high
wavenumber band to different degrees. For SV2, this band is hard to detect and would therefore not
qualify as a marker band for antiparallel B-sheets. Instead, our SV2 spectrum agrees with the cited
calculations and model studies which indicate that parallel B-sheets do not produce such a band. On
the other hand, the Pent spectrum shows a clear high wavenumber band which would be assigned to
antiparallel B-sheets according to the literature. As this protein does not contain antiparallel B-



sheets, such an assignment is not an option. We therefore explored in calculations the structural
reason for its appearance.

The simulations reproduced well the experimental band positions in the second derivatives of
absorbance, but not the intensities. The secondary structure contributions to the amide I band are in
accordance with previous calculations. Torii and Tasumi®® calculated the main absorption band for
the parallel B-sheets at 1630 cm™, with smaller bands between 1680 ¢cm™ and 1650 cm™; these
results are in agreement with our calculated contribution of the parallel B-sheets (1640-1625 cm’
for the main contribution and smaller contributions between 1680 cm™ and 1640 cm™).

In the same work,*® the main band of a-helices was located at 1640 cm™, three small bands at 1660
cm?, 1670 cm™ and close to 1680 cm™. Our calculated contributions shows instead a spread
contribution between 1660 cm™ and 1700 cm™, which extends until 1720 ¢cm™ for Pent.

Turns have been calculated to absorb in the region between 1700 cm™ and 1630 cm™ depending on
the dihedral angles.”®*' In our calculations, much of the absorption of bends is found at high
wavenumbers, which is in line to the assignments for a fiber model of the human islet amyloid
polypeptide.”” According to this study, stacking of turn structures increased the spectral range that is
covered by turn vibrations. Thus, the coupling between the vibrations in adjacent bends with similar
conformation can increase the maximum wavenumber and decrease the minimum wavenumber of
the bend normal modes.

Amide groups that cannot be considered as a-helix and B-sheets can absorb throughout the entire
amide I region.”® Our calculated contributions for bends and “other amide groups” confirm that.

Conclusions

There is no doubt that extended antiparallel B-sheets give rise to a high wavenumber band (above
1690 cm™ in 'H,O and above 1680 cm™ in *H,0O). However, other secondary structures may also
contribute in this spectral range. Therefore, the observation of a high wavenumber band alone
cannot be taken as evidence for the presence of antiparallel B-sheets. We suggest that the remainder
of the amide I spectrum also needs to be taken into account. In the cases where proteins without
antiparallel B-sheets produce a high wavenumber band, Pent in this study and several other -helix
proteins in the study by Khurana and Fink,*” they also show prominent bands outside the region of
B-sheet absorption, in our case at 1665 cm™. When this is the case, a high wavenumber band should
not be used as a marker of antiparallel B-sheets. However, when the only distinct bands are in the
main PB-sheet region (< 1640 cm™) and above 1690 cm™ (1680 cm™ in *H,O), then the high
wavenumber band indicates the presence of antiparallel B-sheets. The rationale for this assignment
is that non-B-sheet structures, which do absorb at high wavenumbers, do not cause a strong band
below 1640 cm™'. Such spectra are for example observed for oligomers of AB,**® which therefore
consist of antiparallel B-sheets.
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